The determinants of the thioredoxin (TRX)-dependent redox regulation of the chloroplastic NADP-malate dehydrogenase (NADP-MDH) from the eukaryotic green alga Chlamydomonas reinhardtii have been investigated using site-directed mutagenesis. The results indicate that a single C-terminal disulfide is responsible for this regulation. The redox midpoint potential of this disulfide is less negative than that of the higher plant enzyme. The regulation is of an all-or-nothing type, lacking the fine-tuning provided by the second N-terminal disulfide found only in NADP-MDH from higher plants. The decreased stability of specific cysteine/alanine mutants is consistent with the presence of a structural disulfide formed by two cysteine residues that are not involved in regulation of activity. Measurements of the ability of C. reinhardtii thioredoxin f (TRX f) to activate wild-type and site-directed mutants of sorghum (Sorghum vulgare) NADP-MDH suggest that the algal TRX f has a redox midpoint potential that is less negative than most those of higher plant TRXs f. These results are discussed from an evolutionary point of view.
Malate dehydrogenases (MDHs) are ubiquitous enzymes, present in all the living organisms. Most of them (EC 1.1.1.37) use NAD as a cofactor, are constitutively active, and are not regulated by metabolites, except for the mitochondrial isoform, allosterically regulated by citrate . The major chloroplastic isoform (EC 1.1.1.82) uses NADP as a cofactor. Its main regulation is performed through thiol-disulfide interchange with reduced thioredoxin (TRX), the oxidized enzyme being totally inactive. The only known regulation of its activity by metabolites is an inhibition by excess oxaloacetate, which is also present in several NAD-dependent MDHs. The TRX-dependent redox regulation of the NADP-MDH from higher plants has been studied thoroughly over the last decade (Miginiac-Maslow and Lancelin, 2002) . The amino acid sequences of the plant enzymes are highly conserved (see Johansson et al., 1999 Flaveria, and ice plant [Mesembryanthemum crystallimum] sequences). In particular, all the Cys involved in redox regulation are strictly conserved. The regulatory and biochemical properties of enzymes isolated from C3-or C4-type plants are very similar, and the threedimensional (3-D) structures of the NADP-MDH from sorghum (Johansson et al., 1999) and Flaveria (Carr et al., 1999) are almost identical. As a rule, the chloroplastic, NADP-dependent isoforms exhibit sequence extensions both at the N-terminal and the C-terminal end, and each extension contains a regulatory disulfide that needs to be reduced to obtain an active enzyme. It is now well established that the reduction of the N-terminal disulfide triggers a ratelimiting conformational change at the active site, whereas the reduction of the C-terminal disulfide leads to the release of the C-terminal tip from the active site. Indeed, in the oxidized enzyme, the two negatively charged C-terminal residues are bound to positively charged active-site residues, thus blocking the access of the substrate by an autoinhibitory mechanism. A different situation exists for the primary structures of NADP-MDH from lower photosynthetic organisms and with regard to a requirement for TRX to activate the enzymes from these organisms (Ocheretina et al., 2000) . Photosynthetic prokaryotes do not contain chloroplasts and are lacking the enzyme. In algae, the conservation of the Cys differs in the various species. In the unicellular eukaryotic green alga Chlamydomonas reinhardtii, the two typical sequence extensions at the N terminus and at the C terminus are present; however, the N terminus lacks the regulatory Cys (Gomez et al., 2002) . The enzyme is redox regulated (Lemaire et al., 2003b) , and modeling of its structure suggested that the C-terminal disulfide would be present, possibly along with an internal disulfide (Gomez et al., 2002) . This work was aimed at unraveling the role of the different putative regulatory Cys in the redox regulation of the Chlamydomonas enzyme. To this end, Cys were substituted by site-directed mutagenesis either individually or in combination, and the activation and catalytic properties of the mutated recombinant proteins were studied. We show that activation of the purified wild-type enzyme is strictly TRX dependent, like for the higher plant enzymes, though with much faster activation kinetics. Consistent with kinetic observations, there is only one disulfide bridge involved in regulation, linking the two most C-terminal Cys. The redox potential of this disulfide is less negative than that of the C-terminal regulatory disulfide of the higher plant enzyme. The Chlamydomonas TRX f that is likely to be a physiological reductant for the algal NADP-MDH appears to have a less negative redox potential than those of higher plant f-type TRXs, as indicated by the inability of the algal TRX f to activate the wild-type higher plant enzyme. On the other hand, the presence of internal Cys in Chlamydomonas NADP-MDH seems to improve the stability of the enzyme, consistent with the presence of an internal structural disulfide that was previously proposed on the basis of homology modeling.
RESULTS AND DISCUSSION

Biochemical Characteristics of NADP-MDH from Chlamydomonas
In our previous work, aimed at testing the biochemical properties of a new chloroplastic TRX (TRX y) from Chlamydomonas, we noticed that the NADP-MDH from this green alga was activated much faster than the sorghum NADP-MDH (Lemaire et al., 2003b) , without the sigmoidal kinetics typical for all higher plant NADP-MDHs. In fact, the kinetics were very similar to those of the sorghum NADP-MDH mutants where the N-terminal disulfide had been eliminated either by deletion of the N-terminal extension or by substitution of either or both of the most N-terminal Cys by Ser or Ala (Issakidis et al., 1992) . This observation suggested that a single C-terminal disulfide, the reduction of which is not rate limiting for activation of the sorghum enzyme (Issakidis et al., 1994) , regulates the activity of the enzyme from Chlamydomonas. However, as molecular modeling suggested the existence of a second, internal disulfide, this assumption required an experimental confirmation. First, we determined the main biochemical properties of CrMDH. Figure 1 shows the activation kinetics obtained with saturating amounts of TRX. Full activation was obtained within 15 s. The activation of higher plant NADP-MDH is known to be inhibited by the oxidized cofactor. When 2 mM NADP was included into the activation medium of CrMDH, the activation was slowed down, but still remained fast, full activation being reached within 1 min. The inhibitory effect of NADP was thus very mild compared to the strong inhibition observed for the sorghum enzyme , where activation in the presence of NADP was barely detectable after 10-min incubation. Once fully activated, the Chlamydomonas enzyme showed kinetic parameters very similar to those of the higher plant enzyme (Issakidis et al., 1992 ): a K m NADPH of 35.7 mM and a K m oxaloacetate of 40 mM. Plots of initial rates versus NADPH concentration were hyperbolic (data not shown), whereas oxaloacetate dependence exhibits the well known but yet not fully understood inhibition by excess substrate (Fig. 2) . However, the inhibition of the Chlamydomonas enzyme appeared at lower oxaloacetate concentrations, i.e. slightly above 200 mM, than in the case of the sorghum enzyme, where inhibition appears at concentrations above 800 mM. The oxaloacetate concentration at which inhibition of the Chlamydomonas enzyme begins is not in fact the lowest example known. Inhibition of the NAD-dependent MDH from the bacterium Thermus flavus begins at oxaloacetate concentrations near 50 mM (Nishiyama et al., 1986) .
Sequence Alignment and Comments about the Choice of Mutations
Sequence alignment and homology modeling (Fig.  3) suggested that the enzyme contained a C-terminal disulfide bridge linking Cys-356 and Cys-368, and possibly an internal disulfide linking Cys-330 and Cys-295. Accordingly, single mutants at one of the Cys in each of the putative disulfides have been engineered by site-directed mutagenesis, i.e. mutants C330A and C356A. Double mutants of both C-terminal Cys (C356A/C368A) and of one of the C-terminal Cys and one of the internal Cys (C330A/C356A) have also been engineered.
Thermostability of the Mutants
Initial observations, obtained with crude extracts, revealed that the C330A mutant required reduced TRX to reach full activity, whereas the three other mutants displayed a constitutive activity that was slightly increased by addition of dithiothreitol (DTT), independently of the presence of TRX (data not shown). This result, which suggested that these mutants might have undergone some artefactual oxidation having nothing to do with a physiological redox regulation, prompted us to check the thermostability of the mutants in crude extracts. Figure 4A shows that all the reduced proteins were less stable than their oxidized forms (Fig. 4, B-D) , a feature already observed for TRXs (Slaby et al., 1996; Lemaire et al., 2000) . A discrete but reproducible decrease in thermostability was observed for the C330A mutant (40% loss in activity versus 20% for the wild-type protein after 5-min heating), and a more pronounced decrease was observed for the double mutant. The differences were more dramatic after a mild heat treatment (45°C; Fig.  4B ) of the oxidized proteins. Mutation of Cys-330 resulted in an enzyme showing higher susceptibility to heat than its wild-type counterpart. However, the mutation of the C-terminal Cys resulted in an even higher heat sensitivity. The double mutation was, not surprisingly, the most detrimental.
Redox Regulation by TRX
The activation kinetics of an MDH mutated at one of the internal Cys is presented in Figure 5 , A and B. Similarly to the wild-type enzyme, the mutated enzyme is strictly dependent on reduced TRX for activity; DTT alone is totally ineffective. Its activation kinetics are quite similar to those of the wild-type enzyme, with identical half saturation for CrTRX m (S 0.5 5 2.5 mM) and t 1/2 (15 s at S 0.5 ). On the other hand, single mutants at either of the most C-terminal Cys (Fig. 5, C and D) are constitutively active, even if their specific activity is decreased to about 20% of the activity of the wild-type enzyme. They show a modest stimulation by reductants; however, this stimulation can be obtained with DTT alone as well (Fig. 5C ) and can be observed even by adding DTT directly to the reaction cuvette (Fig. 5D ). This kind of behavior had been observed previously with constitutively active mutants of sorghum NADP-MDH and has been attributed to the formation of artefactual disulfides during storage, easily reduced by chemical reductants but not by reduced TRX. In contrast, physiological reduction of the regulatory disulfides of the sorghum enzyme is strictly TRX dependent. Combined mutations of either of the C-terminal Cys with one of the internal Cys led to the same results, but the enzyme was much less stable and could not be purified to homogeneity, suggesting a role for the internal Cys in stabilization of the structure, an assumption that is consistent with the results of the heat sensitivity assays. Despite these side effects of mutation, it seems quite clear that Chlamydomonas NADP-MDH has only one regulatory disulfide, the C-terminal one, and that this disulfide is rapidly reduced by TRXs.
Redox Characteristics of the TRX-Dependent Activation
The reductant-dependent activation of Chlamydomonas NADP-MDH mutants was studied using Chlamydomonas TRX m. However, recent results suggested that, at least for Arabidopsis (Arabidopsis thaliana), pea (Pisum sativum), and spinach, TRX f is in fact a more efficient activator of the enzyme (Hodges et al., 1994; Geck et al., 1996; Collin et al., 2003) . This difference was not obvious when comparing the efficiencies of CrTRX m and AtTRX f (Lemaire et al., 2003b) . To explore this possibility in more detail, we cloned Chlamydomonas TRX f1 and tried to purify the recombinant protein, using the sorghum NADP-MDH activation test to detect it in column eluates. The detection failed, despite the presence of low amounts of TRX f in the fractions, visualized on PAGE and western blots (data not shown). When we turned instead to activation of the NADP-MDH from Chlamydomonas as a test for the presence of TRX, it became possible to follow its activation by fractions containing TRX f. The available data about the redox potentials of the two disulfides of sorghum NADP-MDH indicate that the N-terminal disulfide is less negative (E m 5 2280 mV), i.e. is thermodynamically less difficult to reduce than the C-terminal disulfide (E m 5 2330 mV; Hirasawa et al., 2000) . As Chlamydomonas NADP-MDH is lacking the N-terminal regulatory disulfide, it initially seemed unlikely that differences in the redox potentials of the sorghum and Chlamydomonas NADP-MDH were responsible for the different activation behavior. However, as we had in hand various mutants of sorghum NADP-MDH (Issakidis et al., 1992; Ruelland et al., 1997) displaying a range of different redox potentials, we could investigate the ability of Chlamydomonas TRX f to activate them as a direct test of this possibility. Figure  6 shows that this Chlamydomonas TRX does indeed become more efficient at activating mutants of sorghum NADP-MDH as the midpoint redox potential of the regulatory disulfides becomes less negative. In particular, it can be stressed that the double aminoterminal mutant (DMN) mutant (C24S/C29S), where the two N-terminal Cys have been substituted, i.e. the equivalent of Chlamydomonas NADP-MDH, is fully activated. This observation prompted us to determine the redox potential of Chlamydomonas NADP-MDH, and we found it to be 2315 6 6 mV at pH 7.0, i.e. significantly less negative than the redox midpoint potential measured in redox titrations of the activity of the wild-type sorghum enzyme (E m 5 2330 6 10 mV). This suggests that the redox potential of TRX f from Chlamydomonas is less negative than the redox potential of its higher plant counterpart (E m values of 2290 mV have been measured for both pea and spinach TRXs; Hirasawa et al., 1999) . Unfortunately, the production of recombinant TRX f from Chlamydomonas was very poor; thus, the protein-consuming direct redox titration of its disulfide could not be performed. However, the results presented in Figure 6 clearly indicate that the inefficiency of CrTRX f in sorghum NADP-MDH activation is much more likely to be a matter of redox midpoint potential and not one of protein-protein interaction.
CONCLUSION
Summing up all the regulatory characteristics of Chlamydomonas NADP-MDH and comparing them to those of higher plant NADP-MDHs, one gets the picture that the algal protein is a kind of first draft of the very complex regulatory process present in the higher plant enzyme. The lack of a second, N-terminal, regulatory disulfide is obviously the reason for the absence of the fine-tuning that exists in higher plants and the reason that the Chlamydomonas enzyme is activated very rapidly. The inhibitory effect of the oxidized cofactor, known to be due to an interaction between the positively charged cofactor and the negatively charged C-terminal tip of the enzyme within the active site (Carr et al., 1999; Johansson et al., 1999) , is also much less pronounced in the algal protein. This suggests that in the higher plant enzyme, the N-terminal extension, besides its rate-limiting control of activation, has also a more direct effect on the active site conformation. This can certainly be considered as an allosteric effect due to the proximity of the oxidized N-terminal end of one subunit to some critical activesite residues of the neighboring subunit, a constraint released by the reduction of the disulfide (Carr et al., 1999; Johansson et al., 1999) . This interaction may well have an effect on the redox potential of the C-terminal disulfide, rendering it more difficult to reduce in higher plant NADP-MDH than in Chlamydomonas NADP-MDH, where this interaction appears to be absent. The presence of a second disulfide, performing a structural rather than a regulatory role, in Chlamydomonas NADP-MDH is suggested by the thermal stability results presented above. However, definitive proof for the presence of such an internal, structural disulfide requires confirmation through structural approaches. It seems that evolution from green algae to higher plants has added an additional level of complexity to the redox regulatory process of NADP-MDH. One might assume that this sophistication is linked to the multicellular structure of higher plants where malate is a circulating form of the reducing power, requiring a strict control of its concentration (Scheibe, 2004) . In Chlamydomonas, where the unique chloroplast occupies a large space inside the cell, the only exchange of reducing power that can take place is the export of malate from the chloroplast to the cytosol. In this context, it should be noted that, while all the eight higher plant NADP-MDH Cys are conserved in the mossfern Selaginella NADP-MDH, in several green algae like Dunaliella or Scherffellia the amino-terminal Cys are missing but the two C-terminal Cys are conserved, exactly like the case for Chlamydomonas NADP-MDH. In prokaryotes, like cyanobacteria, where no interorganellar transport takes place, there is no NADP-MDH. Other strategies must have evolved in other algal phyla, as red algae and diatoms that diverged earlier from the green plant lineage (Gutman and Niyogi, 2004) seem to be devoid of redox-regulated NADP-MDH activity (Ocheretina et al., 2000) .
Another interesting evolutionary point is the apparent coevolution of TRX f and NADP-MDH redox properties in the same organism. Indeed, Chlamydomonas TRX f1 is unable to activate Sorghum NADP-MDH while it is able to reduce the Chlamydomonas enzyme. This difference is most probably linked to a less negative redox potential of CrTRX f1 compared to its higher plant counterparts (Hirasawa et al., 1999) . However, this is not the case for CrTRX m or CrTRX h. Both of these Chlamydomonas TRXs have the same redox potentials as their higher plant counterparts and are able to activate higher plant NADP-MDH with reasonable efficiencies (Huppe et al., 1991; Stein et al., 1995; Krimm et al., 1998; Bréhélin et al., 2004) . This indicates that conclusions drawn from biochemical studies using heterologous enzymes should be taken with some caution. Expressed sequence tag abundance analyses suggest that CrTRX f1 is the more abundant of the two TRX f isoforms present in Chlamydomonas (Lemaire et al., 2003a) . It would thus be the major redox regulator of Chlamydomonas chloroplastic enzymes. This suggests that energetically speaking, redox regulation in this green alga would be less stringent than in higher plants and that there is a coevolution in the redox properties of TRXs and of their targets.
From the more general point of view of the TRXdependent redox regulation of chloroplastic enzymes in Chlamydomonas, no general principle can be outlined. Indeed, in higher plants, TRX-regulated chloroplastic enzymes can be distinguished from their unregulated isoforms by either insertions (e.g. Frubisphosphatase) or extensions (e.g. glyceraldehydephosphate dehydrogenase or NADP-MDH) bearing the regulatory Cys (Ruelland and Miginiac-Maslow, 1999) . Another case is presented by enzymes regulated by redox-dependent shifts from a dimeric to a monomeric form (peroxiredoxin, ADP-Glc pyrophosphorylase; Fu et al., 1998) , the inactive dimer being cross-linked by a disulfide bridge involving specific Cys residues. All three cases are also present in Chlamydomonas, but with fewer regulated enzymes. Fructose bisphosphatase is redox regulated (Huppe and Buchanan, 1989) and possesses the three regulatory Cys typical for the higher plant enzyme . Our study shows that MDH is regulated too, but with a simplified mechanism. On the other hand, for glyceraldehyde-phosphate dehydrogenase, the B isoform bearing the extension is absent, the enzyme being an A4 tetramer, whereas it is an A2B2 form in higher plants (Graciet et al., 2004; verified in Chlamydomonas genome database). However, phosphoribulokinase, the partner of glyceraldehyde-phosphate dehydrogenase in protein-protein interactions, is TRX regulated, like its higher plant homolog. A 2-Cys peroxiredoxin has been identified in Chlamydomonas and its TRX dependence has been demonstrated (Goyer et al., 2002) . No data on redox regulation of ADP-Glc pyrophosphorylase are available for Chlamydomonas; however, the regulatory Cys is missing in the small subunit, suggesting that this enzyme is not redox regulated (Zabawinski et al., 2001) . All these data suggest that carbon metabolism is less strictly redox regulated in Chlamydomonas than in higher plants.
MATERIALS AND METHODS
Cloning, Site-Directed Mutagenesis, and Expression
The coding region of mature Chlamydomonas reinhardtii NADP-MDH was PCR amplified to substitute Ala-32 by Met and cloned into Pet11d vector (Novagen, Madison, WI) between NcoI and BamHI restriction sites (Gomez et al., 2002) . For the site-directed substitution of selected Cys, the following oligonucleotides were used (mutagenic primers are in bold): C330Aup, gagatcgccgacaacttcattg; C330Adown, agttgtcggcgatctcgtagtc; C356Aup, ggaggccgtgagccacctcatc; C356Adown, ggtggctcacggcctccttctc; C368Aup, gggcggtagcgccgcgctgc; and C368Adown, cgcggcgctaccgcccatca.
Purification and Enzymatic Assays
The purification of the wild-type recombinant protein followed the procedures described for the sorghum (Sorghum vulgare) protein (Issakidis et al., 1992) , except that it was eluted from Matrex RedA column with a 0 to 3 M NaCl gradient. The same procedure was used for mutant proteins, but with an NaCl gradient up to 4 M. Sorghum MDH mutants were produced as previously indicated (Issakidis et al., 1992 . Recombinant TRXs from Chlamydomonas used in activation assays were produced and purified as described in Stein et al. (1995) . NADP-MDH was preincubated with DTT-reduced TRXs (TRX m from Chlamydomonas, unless otherwise indicated), aliquots were withdrawn periodically and injected into a spectrophotometer cuvette containing the substrates, and the activity was measured by the decrease in A 340 , linked to the oxidation of NADPH. All the experiments have been repeated at least three times, with two replicates. Typical data are presented. The reproducibility is usually better than 610%.
Redox Potential Determination
Oxidation-reduction titrations, using NADP-MDH activity to monitor the redox state of the regulatory disulfide and mixtures of oxidized and reduced DTT to poise the ambient-redox potential, were carried out essentially as described previously for the sorghum enzyme . Data fitting to the Nernst Equation and calculation of midpoint potential (E m ) and n values were also carried out as described previously (Hirasawa et al., 1999) . The data from all titrations gave an excellent fit to the Nernst Equation for a single two-electron process (n 5 2), and no improvement in the fit was obtained by including a second E m component. The E m value was independent of the redox equilibration time, over a range from 10 to 30 min, and of the total DTT concentration of the redox buffer, over a range from 5.0 to 10.0 mM. As was the case for the titrations of sorghum NADP-MDH, it was necessary to add a small amount of Escherichia coli TRX to the redox equilibration buffer to speed the achievement of redox equilibrium. The E m value measured for the regulatory disulfide of NADP-MDH was independent of the amount of E. coli TRX used, over the range from 2.0 to 10.0 mg. The average deviation of four independent titrations of Chlamydomonas NADP-MDH, 6 6 mV, was taken as a measure of the experimental uncertainty in E m .
